The nematode Caenorhabditis elegans is one of the premier experimental model organisms today. In the laboratory, they display characteristic development, fertility, and behaviors in a two dimensional habitat. In nature, however, C. elegans is found in three dimensional environments such as rotting fruit. To investigate the biology of C. elegans in a 3D controlled environment we designed a nematode cultivation habitat which we term the nematode growth tube or NGT-3D. NGT-3D allows for the growth of both nematodes and the bacteria they consume. Worms show comparable rates of growth, reproduction and lifespan when bacterial colonies in the 3D matrix are abundant. However, when bacteria are sparse, growth and brood size fail to reach levels observed in standard 2D plates. Using NGT-3D we observe drastic deficits in fertility in a sensory mutant in 3D compared to 2D, and this defect was likely due to an inability to locate bacteria. Overall, NGT-3D will sharpen our understanding of nematode biology and allow scientists to investigate questions of nematode ecology and evolutionary fitness in the laboratory.
INTRODUCTION
The nematode Caenorhabditis elegans has been one of the most useful genetic model organisms in biology leading to several seminal discoveries. The wild-type C. elegans Bristol strain N2, originally obtained from a mushroom compost pile in England, has been cultivated in the laboratory for decades (Ferris and Hieb, 2015) , and maintained on the surface of a specialized agar called nematode growth media (NGM) that supports the growth of both nematode and its food, E. coli bacteria. Experiments on NGM have led to the discovery of a worm that displays complex and curious sensory behaviors along with memory that draws parallels with higher metazoans.
Despite the plethora of studies in the laboratory, little is known about worm biology and ecology in their native environments. Only recently have we learned that C. elegans and other Rhabditid nematodes can be found thriving in rotting fruit or vegetative matter (Barriere and Félix, 2005) . Thus, in nature worms grow in three dimensions rather than the two-dimensional plates in the laboratory. This brings to question the relevance of the developmental, physiological, and behavioral phenotypes associated with C. elegans grown on 2D NGM. For instance, mutants with serious physiological deficits, such as severe loss of muscle function (Epstein et al., 1974) and synaptic activity (Richmond et al., 1999) that should be detrimental to survival in the wild, live and breed quite normally in the 2D laboratory environment.
We sought to design a laboratory simulation of natural conditions to study how worms interact with the surrounding environment at the genetic level. Although other systems were designed to observe acute C. elegans behavior in 3D (Beron et al., 2015; Kwon et al., 2013) , our goal was to cultivate worms in 3D over their life cycle. Our 3D natural simulated habitat for C. elegans is simple and easy for other scientists to replicate in the laboratory, allows for nearnormal growth of C. elegans over several generations, and can be used to show the fitness contribution to reproduction that certain genes confer to worms.
RESULTS AND DISCUSSION
The standard NGM plate presents several ideal features including easy mass production, ease of use on a stereomicroscope, plentiful bacterial growth, and, of course, support for worm growth. Our first goal was to incorporate some of these important features into a 3D nematode cultivation system, namely: (1) Worms can move freely in 3D, (2) support OP50 strain E. coli growth, (3) worm 3D behavior can be visualized, and (4) easy to manufacture and maintain. To aid in the visualization of worms in 3D, we decided to use Difco granulated agar due to its translucent appearance compared to the regular Bactoagar. We found that the ideal concentration for worm movement was at agar concentrations between 0.4 to 0.6%. Above 0.6%, worms moved slowly in 3D, and below 0.4%, the agar constitution became somewhat watery, compromising normal movement. Therefore, we settled on a concentration of 0.5% granulated agar.
Our method to build a 3D worm cultivation chamber is outlined in Fig. 1A . To house the agar in 3D, we used a standard 8 ml test tube due to its clarity. OP50 bacteria growth immersed in the NGM requires seeding before the agar hardens; however the high temperature of the liquid agar can also kill the bacteria. After pouring the hot agar into the test tube, we allowed the temperature to drop to just below 40°C, then injected OP50 liquid culture into liquid agar, mixed, and allowed the agar to harden. After several days, small spheroid colonies with diameters between 1.5 to 3.5 mm appeared throughout the agar. Adjusting the dilution of the OP50 liquid culture regulates the number of colonies that grow in the NGM (Fig. 1A, bottom) . We found dilutions of 1×10 −7 produced about 12 colony forming units (CFUs) in each tube and 1×10
−6 produced about 120 colony forming units. We decided to term this 'nematode growth tube-3D' or NGT-3D for short. Finally, we placed a single worm on the top of the agar. The worm can easily make its way into the agar moving from colony to colony, eating, growing and reproducing. One caveat was that if an OP50 colony was near or at the surface of the NGT-3D, the worm might reside only at the 2D surface of the agar. To prevent growth of OP50 colonies near the surface, we poured agar over the top of the initial agar-OP50 mix immediately after it began to harden, forming a thin bacteria-free layer at the top of the NGT-3D.
We first wanted to confirm whether C. elegans growth and reproduction was comparable in NGM plates and the NGT-3D. To test this, single wild-type N2 L4 stage larvae were placed in NGM plates or in NGT-3D, left for four days and allowed to lay eggs (Fig. 1B) . To count progeny worms, the agar was melted at 88°C and poured into large petri plates, which kills the worms but keeps their bodies intact. Since it is not possible to remove the original P 0 generation worm, we let F 1 worms grow for four days and counted only adult, L4, and L3 worms of the F 1 generation and the P 0 adult worm. Younger worms were ignored as to not confuse F 1 and F 2 generations. Therefore, we are measuring the 'relative' brood size produced that have reached at least the L3 larval stage after four days, rather than the total brood size over the life of the worm.
We found that relative brood size varied in NGT-3D culture conditions, depending on the number of OP50 colonies that formed within each NGT-3D. When the number of OP50 colonies in the NGT-3D happened to be 60 or greater, the relative brood size was comparable (222±14) to 2D growth on NGM plates (228±7; Fig. 2A ). These progeny worms also had comparable growth rates, with the majority of worms reaching adulthood on both NGM plates and NGT-3D (Fig. 2C) . However, when under 60 colonies were present, the brood size in NGT-3D dropped dramatically (132±13) with only 46% of the worms reaching adulthood. This is not due to the depletion of bacteria, as none of the bacterial colonies are completely consumed. Thus, conditions for worm cultivation in NGT-3D are similar to cultivation on NGM plates when more than 60 bacterial colonies are present, and a dilution of 1×10 −6 OP50 E. coli is sufficient to produce this condition.
We more carefully examined the reproduction and growth rates in NGT-3D by plotting the number of L3, L4, adult or total worms produced in the F 1 generation against number of OP50 colonies (Fig. 2B ). The scatter plot allowed us to observe trends in the data, which we further analyzed by a logarithmic regression analysis. We found that relative brood size increases with the number of OP50 colonies until it reaches saturation (R 2 =0.42), indicating that the availability of bacteria in NGT-3D is an important factor in worms to grow in NGT-3D. Interestingly, we also observed that the number of adult and L4 worms increased with the number of bacteria colonies (R 2 =0.42 and R 2 =0.33, respectively), whereas the number of L3 worms did not (R 2 =0.030). To explain this observation, we plotted the percentage of L3 or adult worms against number of OP50 colonies (Fig. 2D) and again analyzed the scatter plot by logarithmic regression analysis. We found a relatively strong correlation between number of colonies and percentage of adults (R 2 =0.36) and an inverse correlation (R 2 =0.41) between percent L3 and number of colonies, indicating that fewer bacterial colonies results in a younger F1 worm population. This could indicate either slower growth rates or a delaying of reproduction when bacterial colonies are scarce.
A previous study showed that when worms were cultivated in soil or sand, lifespan was significantly shortened (Van Voorhies et al., 2005) . We wondered whether growth in NGT-3D compromised wild-type C. elegans lifespan. Worms grown on NGT-3D lived an average of 15.6±3.6 days compared to 14.8±3.1 on 2D NGM. Analysis of survival curves showed no significant difference between lifespan on NGT-3D and NGM plate (Fig. 2E) . Thus, lifespan of C. elegans is also comparable between NGT-3D and 2D NGM plates.
We were curious to understand any genetic factors that may cause differences in growth or reproduction in 3D compared to 2D. We investigated this by observing the growth and reproduction of several candidate mutants in the NGT-3D containing plenty of OP50 colonies. We first tested mutants that affect two conserved signaling pathways, insulin signaling and MAP kinase signaling. The daf-2 gene encodes the receptor for an insulin-like growth factor (Kimura et al., 1997) . Mutants of daf-2 are significantly long-lived compared to wild-type worms (Kenyon et al., 1993) . However, one study showed that daf-2 mutants were short-lived compared to wildtype worms when cultivated in natural soil (Van Voorhies et al., 2005) . Mutants of daf-2 grown in NGT-3D showed little change in relative brood size compared with brood sizes on NGM plates (Fig. 3A) , comparable to what is observed in N2 wild type. This indicates that insulin signaling pathways may be dispensable for cultivation in 3D. The sek-1 gene encodes the MAPK kinase protein important for MAP kinase signaling in worms . sek-1 mutants have slightly compromised growth and development, and are easily susceptible to infection (Kim et al., 2002) . However, the relative brood size of sek-1 mutants in NGT-3D also shows little change compared to cultivation on NGM plates (Fig. 3A) . Hence, neither insulin nor MAP kinase signaling seem to be important for differences we observe in 3D vs 2D growth and fertility.
We also examined eat-2 mutants that exhibit decreased pharyngeal pumping. This defect results in decreased food intake for worms which slows growth and decreases fertility (Raizen et al., 1995) . Cultivation in 3D conditions, however, did not result in any significant changes in relative brood size (Fig. 3A) . Thus, slower feeding rate does not seem to disrupt growth in 3D conditions. Although bacterial availability is not an issue in NGT-3D, the distance between colonies may pose a challenge for C. elegans to find a meal. In particular, sparse colonies in NGT-3D may make it more difficult for worms to find food. This is normally not a problem for nematodes on a 2D plate with only two dimensions to search, but can pose a major challenge in 3D with an extra dimension that needs to be surveyed. C. elegans uses ciliated amphid sensory neurons in its head to sense odors, chemicals, temperature and a variety of other environmental cues to find proper habitats and sources of food (Bargmann, 2006) . Moreover, osm-6 mutants, which are defective for the development of ciliated sensory neurons, were defective at food search behavior (Gray et al., 2005) . We tested fertility in NGT-3D in the osm-6 mutant, and also a mutant of tax-2 which encodes a subunit of a cyclic nucleotidegated receptor that is required for the function of several of the amphid neurons (Coburn and Bargmann, 1996; Coburn et al., 1998) .
osm-6 mutants show normal brood sizes similar to N2 animals on a 2D NGM plate (data not shown). However when cultivated in NGT-3D, osm-6 mutants produce almost no young even when more than 40 OP50 colonies are present (Fig. 3A) . This experiment proves the importance of sensory neurons to the reproductive fitness of the worm, which cannot be demonstrated on a normal NGM plate. Cultivation of tax-2 mutants in 3D showed similar changes in fertility compared to wild-type worms. The osm-6 gene encodes a protein which is a component of the intraflagellar transport particle required for proper sensory cilium structure (Collet et al., 1998; Ou et al., 2007) . Introduction of a functional OSM-6::GFP transgene into the genome of osm-6 mutants rescues a sensory neuron dye-labeling defect that is a result of abnormal sensory cilium (Collet et al., 1998) . Using this osm-6; OSM-6::GFP strain, we determined relative brood size on NGM plates and NGT-3D. We found that OSM-6::GFP expression in osm-6 mutants can restore the low brood size defect in NGT-3D, albeit slightly increase fertility on NGT-3D (Fig. 3A) . Thus, low brood size in osm-6 mutants is a result of loss of OSM-6 function and associated sensory cilia defects.
To determine whether osm-6 fertility is compromised due to an inability to navigate towards bacteria, we challenged osm-6 mutants on 2D NGM plates that had either 3-5 mm diameter 'patches' of OP50, or smaller 1-2 mm diameter 'dots' of OP50. Each plate had 1, 2, 5, 10, or 20 OP50 dots or patches spread evenly across the plate, and we assessed the relative brood size of N2, osm-6 mutants, and the osm-6;OSM-6:GFP rescue strain. We found that wild-type worms reproduced fine in nearly all conditions (Fig. 3B,C) . However, the reproductive fitness of osm-6 mutants was lower in OP50 patches, and significantly lower in 1 to 10 OP50 dots (Fig. 3B,C) . We also performed this experiment in the osm-6 rescue strain, and found that expression of a wild-type copy of the osm-6 gene can restore low brood sizes on both patch and dot plates in osm-6 mutants (Fig. 3B,C) . From this data, we speculate that osm-6 is necessary for worms to navigate complex environments to find food, bear young, and reproductively compete with other worms and organisms.
Overall, we have successfully developed and tested a standard method to cultivate worms in 3D. Unlike cultivation in soil or sand in which worm lifespan significantly decreases (Van Voorhies et al., 2005) , wild-type C. elegans shows no difference in lifespan on NGT-3D compared to NGM plates (Fig. 2E ). Cultivation in soil or sand is a closer simulation to the natural nematode habitat than our agar matrix. Still, the NGT-3D is an better reflection of natural conditions for C. elegans compared to the standard 2D NGM plate, and we show that here worms can develop, reproduce, and age similarly in either environment. It also poses challenges such as finding bacteria in three dimensions that are quite relevant to the worm in natural environments. Hence, the NGT-3D may be useful to determine the reproductive fitness levels of different genetic backgrounds. In addition, we are currently examining how C. elegans behavior differs in 3D vs 2D over several generations, and we hope the development of the NGT-3D will encourage others to investigate the behavior, physiology, development and lifespan of worms in a more naturally simulated environment within the laboratory.
MATERIALS AND METHODS

Maintenance of C. elegans
All C. elegans strains were maintained at 20°C on NGM seeded with OP50 strain E. coli (Lewis and Fleming, 1995) . Bristol N2 wild type, PR811 osm-6( p811), PR671 tax-2( p671), CB1370 daf-2(e1370), KU4 sek-1(km4), and DA1113 eat-2(ad1116), and SP2101 ncl-1(e1865) unc-36(e251); osm-6 ( p811); mnIs17[( p)osm-6::OSM-6::GFP] strains were provided by the Caenorhabditis Genetic Center (Minnesota, USA).
Nematode growth media plates
Standard techniques were used to make NGM agar plates (Lewis and Fleming, 1995) except that Difco Granulated Agar was used as the solidifying agent (20 g in 1 litre media). For OP50 dot plates, a sterile toothpick dipped in an OP50 culture was used to place from 1 to 20 evenly spaced dots of OP50 across a 5.5 cm fresh NGM plate and incubated overnight at 37°C, resulting in colonies with diameters between 1-2 mm of increased density with more dots. For OP50 patch plates, 0.5 µl of OP50 was used to place from 1 to 20 evenly spaced patches across a 5.5 cm fresh NGM plate, resulting in colonies with diameters between 3-5 mm of increased density with more patches.
Nematode growth tube-3D
The media for NGT-3D is similar to NGM. For 1 litre of media, 3 g NaCl, 5 g Difco Granulated Agar, 2.5 g peptone, and 975 ml water was autoclaved at 121°C for 15 min. After cooling down to 55°C, 1 ml of 1 M CaCl 2 , 1 ml of 1 M MgSO 4 , 1 ml of 5 mg/ml cholesterol in ethanol, and 25 ml of 1 M KPO 4 buffer was added. To seed NGT-3D, an overnight culture of OP50 was serially diluted with a 0.85% NaCl solution. After the temperature of the media cooled to 40°C, the dilution was added directly into the media. For our brood size and development assays we used diluted 30 ml of 1×10 −6 , 1×10 −7 or 1×10 −8 and 15 ml 1×10 −6 OP50 dilutions. After mixing, the media was poured into 8 ml clear plastic test tubes (Stockwell Scientific) and was briefly left to harden. A layer of NGM agar without OP50 was poured on top to prevent colonies forming too close to the surface and left for at least 10 days for bacterial growth.
Relative brood size and development L4 worms were picked, and bacteria was washed off by placing the worm on a non-seeded plate for several minutes and repeated twice. The cleaned worm was placed on either an NGM plate or NGT-3D with a platinum wire pic, and incubated for 96 h at 20°C. To count 'relative' brood size, NGT-3D and the NGM plate were melted in an 88°C water bath and poured into 9 cm plates. Worms die but remain intact. When counting, only adult, L4, and L3 worms were counted to ensure that only the F 1 generation (and the P 0 worm) is counted and avoid confusion with the younger F 2 generation. Thus, brood size counts were termed a 'relative' rather than absolute brood size. For statistics, Student's t-test was used to determine significance. For regression analysis, trendline function in Microsoft Excel was used, and a Pearson's correlation coefficient (R) was calculated for each regression. Student's t-test was performed to analyze significance of the regression.
Lifespan assay
L3 worms were picked onto NGM plates or NGT-3D supplemented with 120 µM 5-fluoro-2′-deoxyuridine (TCI, Japan), and day 1 of the assay started 24 h later. A total of 50 worms on NGM plates and 44 worms on NGT-3D were counted. Viability was checked by tapping worms with a platinum wire pick for NGM plates, or observation of any worm movement over a 6 h time period for NGT-3D. Log-rank test analysis was used to determine significance.
